Highly pathogenic avian influenza (HPAI) has been recognized as a serious viral disease of poultry since 1878. Its number of outbreaks has increased globally in the past 10-15 years. In December 2003 and January 2004, outbreaks of HPAI caused by H5N1 viruses were reported almost simultaneously in many Asian countries. The emergence of H5N1 viruses in Asia since 1996 was a key determinant of the 2004 epidemic. The mutation and spread of the viruses between 1999 and 2002 apparently set the stage for the simultaneous emergence of the acute disease in many countries (Sims et al., 2005) .
Genetic characterization of the gene segments of viruses circulating in southern China indicated that the H5N1 viruses were generated by reassortment. Guan et al. (1999) suggested that H9N2 influenza viruses were the donors of internal genes for H5N1 viruses in Hong Kong. Hoffmann et al. (2000) reported that H6N1 viruses contribute the neuraminidase 1 (N1) and internal genes of Hong Kong H5N1 viruses, while Xu et al. (1999) proposed that the H5 haemagglutinin (HA) of Hong Kong viruses was derived from A/Goose/Guangdong/1/96 (Gs/Gd/1/96) virus, based on 99 % nucleotide homology between HA sequences of these H5N1 viruses. They also discussed the similarity of neuraminidase and internal genes of Gs/Gd/1/96 virus with a variety of other viruses, but didn't suggest any specific subtype to be the precursor of this first HPAI H5N1 virus in Asia. The origin of Gs/Gd/1/96 virus is not known, but presumably, like all HPAI viruses, it came from an unidentified precursor virus of low pathogenicity circulating in wild aquatic birds (Alexander, 2000) . To determine the origin of HPAI H5N1 in China, we analysed the influenza virus sequences available in influenza genome databases to find the progenitor of HPAI Gs/Gd/1/96 virus. We also studied the genetic characteristics of these viruses.
Potsdam; SA, South Africa and official abbreviations for different states of the USA are used for the nomenclature of various viruses.
Sequence editing and multiple sequence alignment were performed with CLUSTAL_X. Neighbour-joining (NJ), maximum-parsimony (MP) and minimum-evolution (ME) trees were constructed by using MEGA version 3.1 (Kumar et al., 2004) . Maximum-likelihood (ML) trees were constructed by using PHYML (Guindon & Gascuel, 2003) . Estimates of the phylogenies were calculated by performing 500 bootstrap replicates. Each tree is mid-point rooted. Nucleotide distance matrices were estimated by Kimura two-parameter algorithm based on the number of total nucleotide substitutions and evolutionary trees for PB2, NS, NA and HA genes (Fig. 1) , and PB1, PA, NP and M genes ( Supplementary Fig. S1 , available with the online version of this paper) were constructed. Phylogenetic trees constructed by the ML, MP and ME analyses revealed similar relationships (not shown). Various strains included in different phylogenetic analyses depend upon their close similarity among different genes, and absence of these strains in some trees is due to nonavailability of gene sequences.
In Asia, highly pathogenic H5N1 viruses have been circulating since the discovery of Gs/Gd/1/96 virus in 1996. Sequences of all eight genes of influenza viruses, from influenza virus databases, were analysed and compared with Gs/Gd/1/96 virus to find the donor virus or viruses. Phylogenetic trees are based on the nucleotide sequences of the influenza virus genes that were isolated before or in 1996 (year of isolation of first HPAI H5N1 in China). Nanchang viruses (H3N8-1681 and H7N1-1904) The influenza A viruses with the greatest nucleotide and amino acid sequence similarity to the gene segments of Gs/ Gd/1/96 virus are presented in Table 1 . Xu et al. (1999) reported that PB2 of Gs/Gd/1/96 had highest identity of nucleotide and amino acid sequences with ruddy turnstone/Newjersey/47/85 (Rt/NJ/47/85), while our study shows that PB2 of Nanchang and Gs/Gd/1/96 viruses have higher nucleotide and amino acid identity than previously reported (Table 1) .
The phylogenetic analysis of PB2 sequences (Fig. 1a) revealed two main lineages, North American and Eurasian. PB2 of Rt/NJ/47/85 falls into the Eurasian lineage which shows its higher nucleotide similarity to this lineage instead of the North American lineage. The Eurasian lineage is further divided into four subgroups. Among these, H3N8-1681 and H7N1-1904 viruses were present in the same subgroup as Gs/Gd/1/96 virus (distinguished by m) with high statistical confidence (100 % bootstrap value).
Phylogenetic trees of PB1, PA and NP revealed similar topology to the PB2 tree ( Supplementary Fig. S1 ) and suggested a very close relationship between H3N8-1681 and Gs/Gd/1/96 viruses, which was supported by bootstrap probabilities of 93, 100 and 97 %, respectively. Polymerase complex genes of H3N8-1681 virus have the highest nucleotide similarity (ranging from 93 to 97 %) with Gs/ Gd/1/96 virus, followed by H7N1-1904 virus (Table 1) . Amino acid comparison of polymerase complex genes shows that H7N1-1904 virus has high similarity (ranging from 97.6 to 99.2 %) to Gs/Gd/1/96, followed by H3N8-1681, except that PA of Gs/Gd/1/96 has the highest nucleotide similarity (94.6 %) with H5N3-51 virus (Table 1) .
The PA phylogenetic tree showed a strong relationship between Gs/Gd/1/96 and H5N3-51 viruses, supported by a Fig. S1 ). The NP gene has the highest identity between Nanchang and Gs/ Gd/1/96 viruses in both the nucleotide (97 %) and amino acid (.99 %) comparisons, they differed by only four amino acids, whereas previously reported Equine/Jilin/1/89 virus differed by 12 amino acids (Table 1) . In short, Gs/Gd/ 1/96 virus has the highest similarity to H3N8-1681 virus at the nucleotide level and H7N1-1904 virus at the amino acid level, for polymerase complex genes. The M gene of H3N8-1681 virus has the highest nucleotide identity (95.7 %) with Gs/Gd/1/96 virus, while amino acid comparison of M1 and M2 proteins showed 99.2 and 94.7 % identity (only two and five amino acid difference), respectively (Table 1) , where phylogenetic tree of M gene ( Supplementary Fig. S1 ) revealed the similar topology to polymerase complex gene trees, but bootstrap support is low (62 %). On the other hand, H7N1-1904 has lower similarity to Gs/Gd/1/96, both at the nucleotide and the amino acid level (for M1), than already reported similarity of Dk/HK/193/77 virus (Xu et al., 1999) , but a higher amino acid similarity for M2 protein ( Fig. S1 ).
The NS genes of influenza A virus isolates can be allocated to allele A or B on the basis of nucleotide sequence variation (Ludwig et al., 1991) . The phylogenetic tree of NS gene shows that H3N8-1681 and Gs/Gd/1/96 viruses belong to allele B, while NS of H7N1-1904 virus belongs to allele A (Fig. 1b) . The NS gene of the Gs/Gd/1/96 virus is most closely related to that of Ty/Eng/50-92/91 (H5N1) virus on the basis of both nucleotide and amino acid similarities. However, H3N8-1681 virus is also very closely related to Gs/Gd/1/96 virus in NS gene (Table 1 ) and belongs to the same clade in the phylogenetic tree (Fig. 1b) , with high statistical confidence (100 % bootstrap value). Although Ty/Eng/50-92/91 virus has a high identity, there are more chances of H3N8-1681 being the donor of NS gene to Gs/Gd/1/96 because of their high similarity among other internal genes and isolation of both viruses from the same region. Phylogenetic trees for internal genes (PB2, PA, M and NS) revealed that H5N3-51 virus is present in the same clade as Gs/Gd/1/96 virus with high bootstrap probabilities ( Fig. 1 and Supplementary Fig. S1 ), which suggests that this virus may also contribute internal genes (especially PA gene) along with the HA gene. The internal genes of donor and recipient viruses of our study showed a similar relationship as already reported among the internal genes of donor (Qa/HK/G1/97 and Tl/HK/W312/97) and recipient (A/HK/156/97) viruses (underlined in phylogenetic trees) by Guan et al. (1999) and Hoffmann et al. (2000) (Fig. 1 and Supplementary Fig. S1 ).
The N1 NA phylogenetic tree showed a very close relationship between H1N1-55 and Gs/Gd/1/96 viruses (Fig. 1c) , which is supported by 100 % bootstrap probability. The sequence comparison of NA gene of H1N1-55 and Gs/Gd/1/96 viruses showed higher similarity than the previously reported similarity between Gs/Gd/1/ 96 and A/Parrot/Ulster/1973 (Pt/Ulster/73) virus (Xu et al. 1999) , both at the nucleotide and the amino acid level ( (Fig. 1d) . The HA gene of Gs/Gd/1/96 was different from that of Hubei/97 H5N1 viruses, based on the bootstrap value of 52 %, although they fall in the same clade (Fig. 1d) . The HA of H5N3-51 virus (isolated in 1996) has a close similarity to Gs/Gd/1/96 both at the nucleotide (94.7 %) and the amino acid (95.3 %) level, followed by Turkey/England/50-92/1991 (Ty/Eng/91) virus (Fig. 1d) . H5N3-51-like viruses formed an out-group relationship with H5N1 viruses of central and southern China in the HA phylogenetic tree (Fig. 1d) , which shows its donor status supported by a 100 % bootstrap value. Therefore, it seems that H5N3-51-like viruses mutated locally and provided the H5 HA gene to the first HPAI H5N1 virus (Gs/Gd/1/96), Hong Kong/97 and Hubei/97 H5N1 viruses.
Gs/Gd/1/96 is a HPAI virus with high morbidity and mortality in geese (Xu et al., 1999) . It shares many common residues with other HPAI H5N1 viruses (Table 2) of high pathogenicity among humans and mice (Gao et al., 1999; Hatta et al., 2001; Katz et al., 2000; Krug, 2006) . Nanchang viruses also share many amino acid residues related to pathogenicity with Gs/Gd/1/96 virus ( Table 2) . PB2 of Gs/Gd/1/96 has residues lysine (K) and glutamic acid (E) at positions 355 and 627, respectively (Table 2) , while Nanchang viruses have a different residue (arginine, R) at position 355. The presence of E at position 627 in Nanchang and Gs/Gd/1/96 viruses illustrates their hostrange restriction (Subbarao et al., 1993) . PB1 of Nanchang and Gs/Gd/1/96 viruses have residues K and methionine (M) at position 198 and 317, respectively ( Table 2 ). The role of PA in virulence and host specificity of influenza virus has not yet been established. NP plays an important role in host specificity (Gabriel et al., 2005; Scholtissek et al., 1985) . Gs/Gd/1/96 has amino acid M at position 136 of NP, which may have a role in facilitating transfer to humans (Hiromoto et al., 2000; Zhou et al., 1999) , whereas Nanchang viruses have leucine (L). Amino acid E at position 92 of NS1 protein confers resistance to interferon (IFN) and tumour necrosis factor a (TNF-a) (Seo et al., 2002) , whereas Nanchang and Gs/Gd/1/96 viruses have amino acid aspartic acid (D) at position 92 (Table 2) . Nanchang and Gs/Gd/1/96 viruses have an ESEV sequence motif at the carboxyl-terminal end of NS1 protein. These residues are predicted to mediate binding to proteins bearing a region called the PDZ domain and correlates with virulence in humans (Obenauer et al., 2006) . Analysis of amino acid residues that correlate with viral pathogenicity showed that Gs/Gd/1/96 and Nanchang viruses have high similarity (six out of seven amino acids) for internal genes (Table 2 ). This fact also supports our argument that Nanchang viruses donated internal genes to Gs/Gd/1/96 virus ( Supplementary Fig. S2 , available with the online version of the paper).
HA has an important role in influenza virus virulence. Gs/ Gd/1/96, Hong Kong/97 and Hubei/97 H5N1 viruses have a common multiple basic amino acid motif (RERRRKKR) at the cleavage site of the HA gene (Supplementary Table  S1 , available with the online version of the paper) which has been described in several HPAI H5 and H7 HA genes (Senne et al., 1996) . H5N3-51 virus (having a RETR sequence at the HA cleavage site) does not have the minimum motif that is required for the high pathogenicity of virus (Hatta et al., 2001; Subbarao & Shaw, 2000) . The seven potential glycosylation sites reported in the HA of the A/HK/156/97 virus (Subbarao et al., 1998) are conserved in the HA of H5N3-51 (seventh is missing due to non availability of full-length sequence), Gs/Gd/1/96 and Hubei/97 H5N1 viruses. Avian influenza viruses acquire virulence through changes in glycosylation patterns of HA (Kawaoka et al., 1984) and with addition of polybasic amino acid at the HA cleavage site (Wood et al., 1994) . H5N3-51 and Gs/Gd/1/96 viruses have similar glycosylation patterns, but differ in polybasic amino acid cleavage site (Supplementary Table S1 ). The NA gene of H1N1-55
and Gs/Gd/1/96 viruses lacks the 19 aa deletion in the stalk region seen in that of Hong Kong/97 H5N1 influenza viruses (Subbarao et al., 1998) . Therefore, the NA gene of H1N1-55 and Gs/Gd/1/96 viruses has three potential glycosylation sites in the stalk of NA that were deleted in the Hong Kong/97 viruses (Bender et al., 1999) .
Nanchang viruses were isolated from Jiangxi province (Nanchang is the capital city), which is situated between the Guangdong (located very close to Hong Kong) and Hubei Provinces of China. Nanchang viruses have the highest sequence similarity with Gs/Gd/1/96 virus for internal genes. H3N8-1681 contributes the PB2, PB1, NP and NS genes, while H7N1-1904 contributes the M gene to Gs/Gd/1/96 virus ( Supplementary Fig. S2 ). H5N3-51 has the highest nucleotide similarity with Gs/Gd/1/96 for the PA gene, which suggests that it has contributed the PA gene (Table 1 and Supplementary Fig. S1 ). H5N3-51-like viruses may have contributed the HA, while H1N1-55 contributes the NA gene ( Supplementary Fig. S2 ). Nanchang viruses were isolated from ducks in 1992 (4 years before the isolation of Gs/Gd/1/96 virus) and Hokkaido viruses were isolated in 1996, so there is a great chance that these viruses reassorted together and lead to the evolution of HPAI Gs/Gd/1/96 virus in the region (Supplementary Fig. S2 ).
The results suggest that surveillance for influenza in avian as well as in swine and human populations must be maintained and also extended to other regions of China and Asia for more reliable understanding of influenza virus evolution and epidemiology. *These residues are related to influenza virus pathogenicity in humans and mice. DNanchang viruses were compared with Gs/Gd/1/96 virus for residues that have a role in pathogenicity. dHP, high pathogenicity; LP, low pathogenicity. §Minimum motif for highly pathogenic viruses is RXBR (where R is arginine, X is any amino acid and B is a basic amino acid). ||NA of Dk/Hok/55/96(H1N1) virus also has the same amino acid residue (I) at this position.
